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PHYSICAL REVIEW C, VOLUME 63, 034617

Neutrino reactions on the deuteron

S. Nakamurd, T. Sato'? V. Gudkov? and K. Kubodera
Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
’Department of Physics and Astronomy, University of South Carolina, Columbia, South Carolina 29208
(Received 5 September 2000; published 22 February)2001

The cross sections for thed and»-d reactions are calculated for incident energy ugte-170 MeV with
the use of a phenomenological Lagrangian approach. We assess and improve the reliability of the employed
calculational method by examining the dependence of the results on various input and approximations that go
into the calculation. The main points of improvement over the existing worklangse of the “modern”NN
potentials,(2) use of the more accurate nucleon weak-interaction form factors(3mdonitoring the strength
of a vertex that governs the exchange-current contribution, with the use of data on the related progess,
—d+ vy. In addition to the total cross sections, we present various differential cross sections that are expected
to be useful for the SNO and other experiments. In the low-energy regime relevant to the solar neutrinos, the
newly calculated total cross sections essentially agree with the existing literature values. The origins of slight
differences found for higher energies are discussed. The ratio between the neutral-current and charged-current
reaction cross sections is found to be extremely stable against any variations in the input of our calculation.

DOI: 10.1103/PhysRevC.63.034617 PACS nunier25.30.Pt, 25.16ks, 26.65+t, 95.30.Cq

[. INTRODUCTION method for describing these responses is to consider one-
body impulse approximation terms and two-body exchange-
The neutrino-deuterium reactidnsave been studied ex- current terms acting on nonrelativistic nuclear wave func-
tensively over the past decadds-14|. Recent detailed stud- tions, with the exchange currents derived from a one-boson
ies are strongly motivated by the proposal and successfudxchange model. In a modern realization of this approach
start of the Sudbury Neutrino Observatot$NO) [15], [16-18, the vertices characterizing relevant Feynman dia-
which uses a large underground heavy-watesrebkov grams are determined, as much as possible, with the use of
counter. One of the primary goals of SNO is to study thethe low-energy theorems and current algebra. Some coupling
solar neutrinos by monitoring three reactions occurring inconstants are inferred from modétee quark model, S(3),
heavy water:(i) v-e scattering,v,+e — v +e"; (i) the  SU(6), etc]. In the present work we refer to this type of
charged-currentCC) reaction,v.+d—e +p-+p; (iii) the formalism as the phenomenological Lagrangian approach
neutral-curreniNC) reaction,v,+d—v,+n+p, wherev,  (PhLA). This formalism has been used extensively for elec-
stands for a neutrino of any flavor. The unique feature otromagnetic processes in two-nucleon syst¢h®s-21. The
SNO is its ability to register the CC and NC reactions separeported good agreement between theory and experiment
rately but simultaneously. Since the NC reaction measuregives a strong hint of the basic soundness of the PhLA. This
the total flux of the solar neutrinosegardless of their fla- method has also been applied to two-nucleon weak-
vors), SNO experiments offer valuable information about theinteraction processes such as muon capture on the deuteron
nature of possible neutrino oscillation. SNO is also capabl¢8,22,23, the pp-fusion reaction22,24), and thev-d reac-
of monitoring astrophysical neutrinos the energy of whichtions. For muon capture, the calculated capture rate agrees
extends well beyond the solar neutrinos energy regime, geasonably well with the experimental value, again rendering
prominent example being supernova neutrinos. Obviously, isupport for the basic legitimacy of the PhL&or pp fusion
interpreting experimental results to be obtained at SNO, achere are unfortunately no data availaple.
curate knowledge of the-d reaction cross sections is a pre-  For the neutrino-deuterium reactions, the most detailed
requisite. Although the-e scattering cross section is readily study within the framework of the impulse approximation
available from the standard model, estimation of the(lA) has been done by Ying, Haxton, and Henlg§HH)
neutrino-deuteron reaction cross sections requires a detail¢dO], while the most elaborate PhLA calculations including
examination of the structure of two-nucleon systems andxchange-current effects as well as IA terms have been car-
their responses to electroweak probes. ried out in[8—11], and the latest status is described by Ku-
In describing the current theoretical situation regardingbodera and Nozaw@d<N) [12].2 In the solar neutrino energy
the v-d cross sections, it is useful to consider the reac- regime, the cross sections given in KN are slightly larger
tions in a broader context of the general responses of twahan those of YHH. This difference, however, is mostly due
nucleon systems to electroweak probes. A highly successfuib the absence of the exchange-current contributions in
YHH. As far as comparison with data is concerned, the es-

IWhen convenient, we use the word “neutrino” and the symbol
“1" in a generic sense, referring to both neutrinos and antineutri- “Referencé12] also gives a rather detailed account of the relation
nos. between these latest calculations and earlier work.
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timate of Tatareet al.[8] of o(vetd—e +p+ p) averaged Vetd—e"+n+n, 3)
over the Michel spectrum of, agrees with the result of a

stopped-pion-beam experimdi@5] within large experimen- — —

tal errors(30%). Furthermore, the result of a Bugey reactor vetd—wtptn (x=e, u, or 7). 4
neutrino experimenf26] agrees, within 10% experimental . . .

errors, with the values 0&(Z+d—>e++n+n) and U(7e Itis our view that, in calculating the low-energyd cross
+d— o+ p+ n) given in KN. Thus the PhLA seems to pro- sections, EFT and the PhLA play complementary roles. EFT,

ide a reasonably reliable framework for calculatin thebeing a general framework, is capable of giving model-
vide y Tell . w ulating independent resultgrovidedall the LEC’s in an effective
neutrino-deuteron cross sections.

. . . LagrangianL.s; are predetermined. At present, however,
Meanwhile, a new approach based on effective ﬂeldﬁeff does contain an unknown LEC,,.° Meanwhile, al-

theory (EFT) has been scoring great success in describinE?hough the PhLA is a model approach, its basic idea and the
low-energy electroweak processes in the two-nucleon sys- '

¢ [27-37 | ticular. th t© of th | i parameters contained in it have been tested using many ob-

d?g;i?/ o c; tu.renor??rzécur?);’onng ra_)e d?— )irgabeneenugglgf' servables. Thus, insofar as one accepts the validity of these
> capt pr P Y . tests, the PhLA has predictive power. It is reassuring that, as

Ifateddln cbh|ral per:curbatlon theorny'L) gnddgge] resullt 'S" mentioned, there is highly quantitative correspondence

ound to be in perfect agreement with the dp2&]. Butler ' X ' X .

and Chen[13] and Butler, Chen, and KonfL4] have re- [13,14) between the low-energy-d cross sections obtained

. in the PhLA and th f EFT within a r nable range for
cently made extremely elaborate studiesvefl cross sec- the and those o thin a reasonable range fo

. : . . L1 . Inthis article we wish to investigate several key aspects
results of thelr EFT calcutaon agree ith those of the PLAC! (18 PRLA I more depth than hitherto reportec
9 Beyond the solar neutrino energy regime, the PhLA is at

in the foIIowing sense. In an EFT approach., one starts.with %resent the only available formalism for evaluating ihd
general effective Lagrangiad.; that contains all possible ross sections. The EFT calculation [ih3,14, by design,

terms c_ompatible With _given symmetries and_a given order o ‘integrates out” all the degrees of freedom but that of the
expansion; the coefficient of each term/gy; is called the heavy baryon. The nature of this so-called “nucleon-only”
low-energy coefficienLEC). Now, it often happens that EFT limits its applicability to very low incident neutrino

some LEC’s cannot be fixed by symmetry requirements nergiegtypically the solar neutrino energie5On the other
alon(_a and hen_c_e need to be treated as parameters to be %nd, there is no obvious conceptual obstacle in using the
termined emplr!cally. In[13,14), the coefficientL,, of a PhLA in an energy regime significantly higher than that of
four-nucleon axial-current counterterm enters as an unknowgy - netrinos; Therefore, once the reliability of the PhLA is
parameter,  although ~dimensional arguments  SUgg€slgteq at low energies by comparison with experimental data
—6 fm°<L,,<+6 fm’. According to[13], the »-d cross  or with the results of EFT, it is rather natural to use the
sections obtained in EFT agree with those of the PhLA calph|A for higher energies as well. In this sense, too, EFT and
culation (YHH or KN), providedL ;, is adjusted appropri- the PhLA seem to play complementary roles least in the
ately. The optimal value of 5 is L;,=6.3 fn for YHH current status of the matjer
andL;a=1.0 fo for KN, reasonable values as compared  Our main goal here is to assess and improve the reliability
with the above-mentioned dimensional estimates. The facsf the PhLA calculation of the-d reaction cross sections by
that anab initio calculation (modulo one free paramejer carefully examining the dependence of the results on various
based on EFT is consistent with the results of the PhLAnpyt and approximations that go into calculations. The main
prOVideS further evidence for the basic rellablllty of PhLA. points of improvements in this work over the existing esti-
Bahcall, Krastev, and Smirnd83] have recently studied mates aré1) use of the “modern”’NN potentials,(2) use of
in great detail the consequences of measurements of variogse more accurate nucleon weak-interaction form factors, and
observables at SNO. As input for their analysis, thed  (3) monitoring the strength of theNA vertex that governs
reaction cross sections of YHH and KN are used, and thgy far the dominant exchange-current contribution, with the
difference between these two calculations is assumed to repse of data on the related process; p—d+ y. A second
resent Ir theoretical errors. According {83], uncertainties  practical goal of this paper is to provide detailed information
in the »-d cross sections represent the largest ambiguity ilpout the various differential cross sections for the reac-
most physics conclusions obtainable from the SNO observions. Although the total cross sections are well documented
ables, a feature that again points to the importance of redugn the literature, there have not been systematic descriptions
ing the uncertainty in the-d reaction cross sections. of the differential cross sections. We therefore discuss in

In the present article we carry out, within the framework detail the energy spectrum, angular distribution, and double-
of the PhLA, a detailed study of the cross sections for the CC

and NC reactions of neutrinos and antineutrinos with the———

deuteron: 3 oo - . . . ,
In principle, however, it is possible to fik,;, using a parity-

violating electron-scattering experimgrit3,14].
vet+d—e +p+p, (1) “One can hope to extend the applicability of EFT to higher ener-
gies by including the pion degree of freedom explicitly yilaT. An
ab initio calculation based ogPT for thev-d reactions is yet to be
vy+d—v,+p+n (x=e, u, or 7), (2)  done.
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differential cross sections of the final lepton in the CC reac- G

tion and also the energy spectrum and angular distribution of H\’)‘VC:—FJ dx[INC(x)LM(x)+H.c] (8

the final neutron in the NC reaction. It is hoped that the V2

detailed information given here on these differential cros _ 5 2

sections will be useful in analyzing SNO and other experi- or th_e NC Process. Her&=1.166<10 _Ge\F IS t_he

ments. Fermi coupling constant, and c6s=0.9749 is the Cabibbo
In the low-energy regime relevant to solar neutrinos, oufan%_lﬁ' | . b

results are found to be in essential agreement with those of & lepton current Is given by

KN. Based on these and additional results described in this Nron T Neq_ .5

article, we shall deduce the best estimates of theoretical er- LY ) =)y (1= ") ih(x), ©)

rors in the v-d cross sections. For highgr energies, thegng its matrix element is written as

present calculation gives-d total cross sections larger than

those of KN by up to 6%; we shall discuss the origin of this  1*=(k’|L*(0)|k)

variance. _
The organization of the rest of this article is as follows. =u(k")Y(1—9°)u,(k) for the v reaction,
After giving in Sec. Il a brief account of the general frame- — \ 5 ) _ )
work of our PhLA, we describe in Sec. Ill the calculational =v,(K) Y (1—y°)vi(k’) for the » reaction. (10)

details, including the multipole expansion of the nuclear cur-
rents, and expressions for the cross sectionsvfadr reac-
tions. The numerical results are presented in Sec. IV, and a IS =V (x)+A5(X), (12)
discussion and summary are given in Sec. V. Some kinemati-

cal formulas necessary for calculating phase space integralghereV, andA, denote the vector and axial-vector currents,

The hadronic charged current has the form

are given in the Appendix. respectively. The superscript (—) denotes the isospin
raising (lowering operator for thev (v) reaction. Mean-
Il. FORMALISM while, according to the standard model, the hadronic neutral
_ current is given by
We are concerned with the/ v-d reactions listed in Egs.
(1)—(4). The four-momenta of the participating particles are I =(1-2sirf o) VS + AL -2 sifoVsy, (12
labeled as

where 6y, is the Weinberg angle with sifi,,=0.2312. Here

V3 is the isoscalar part of the vector current, and the super-
script “3” denotes the third component of the isovector cur-
rent. In the present case the hadron current consists of one-
wherel corresponds te~ for the CC reactionsEgs.(1),(3)]  nucleon impulse approximatiofiA) terms and two-body
and tov or v for the NC reaction$Egs.(2),(4)]. The energy- meson exchange curreMEX) terms. Their explicit forms
momentum conservation realls- P=k’+ P’ with P'=p;  are described in the next subsections.

+p5, and we denote a momentum transfer from lepton to

nucleus byg*=k*—k'#=P’'#—P#_ In the laboratory sys- A. Impulse approximation current

tem to be used throughout this work, we write

viv(k)+d(P)—1(k")+Ny(p;) +Na(ps), (5)

The 1A current is determined by the single-nucleon matrix
elements of], . The nucleon matrix elements of the currents

k¢=(E, k), k'*=(E/ k'), P*=(My,0), are written as
P’ =(P'°P'), qg‘=(w,q). (6) (N(p"IV5 (0)IN(p))
The interaction Hamiltonian for semileptonic weak pro- =u(p’)| fyy,+i f—MaM,qP “u(p), (13)
cesses is given by the product of the hadron currayt &nd 2My

the lepton currentl(") as R _ ] c

(N(p")IAL(O)[N(p)y=u(p)[farry’+Tey a7 u(p),
14

HCC:GF CoSfc (14

R

for the CC process and

CcC N
dx[JX )L (X) +H.c.] @) where M is the average of the masses of the final two

nucleons. For the third component of the isovector current,
we simply replacer™ with 7°/2. For the isoscalar current,

S

_ f 1
(N(P)IVR(OIN(P)=U(p")| Ty +i =00 | FU(P).

SThroughout we use the Bjorken-Drell convention for the metric (15)
and Dirac matrices, except that we adopt the Dirac spinor normal-
ized asuTu=1. The nonrelativistic forms of the IA currents are given by

034617-3
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Via o) =2 fyriax—r), (16)
B4p fytfy .
Via(0)= E fv o oMy My, VX o1 8(X—ri),
7
. f )
AFA,o(X):Ei [ﬁﬂi'(pﬁpﬂ—mm V|7 8(x—r1y),
(18

Aja(x E

fo N
fA0'|+mV(V0'|) Tr&(x_ri), (19)

1
V?A,O(X)ZEi fv§5(x_ri), (20
+D| fy+fy
(X)) = E fV IV ;MNMVXO', =8(x—r,).
(21)

It is useful to rewritep;+p/ =q+P=2py, where the+
(=) sign corresponds to=1 (i=2), and the derivative

operatorpy should act on the deuteron wave function; in the

laboratory system we are working in, we haRe 0.

As for theq dependence of the form factors we use the AKDR oX)= ﬁ(m_w

results of the Iatest analyses|iz4,35:
fu(as) =Gp(a2)(1+ ppm)(1+7) 7

fr(02) =Gp(a2) (1p— mn— 1= pam)(1+ 7)1, (23

(22

fa(0%)=—1.2545,(q2), (24)
M
To(@2) = —5— 5 falG2), (25
T )2

w(02)=Gp(a2) (mp+ mn—1+uan)(1+7) "L, (26)

with
q -2
Go(d,) = ( o ’Z;w) ’ @7
) @ |\
GA<%>:(1‘ ey

where u,=2.793, u,=—1.913, »= —q>/AMJ,, andm,, is
the pion mass.

B. Exchange currents

PHYSICAL REVIEW C63 034617

which one explicitly constructs a phenomenological La-
grangian consistent with current algebra, partial conservation
of axial-vector currentPCAC), and the vector meson domi-
nance. This Lagrangian was used by Tatral.[8] in their
calculations foru-d capture and the-d reactions. Mean-
while, studies by Dokt al.[9,23] indicate that only a small
subset of the possible diagrams gives essentially the same
results as the full set. Based on this experience, we consider
here the following types of exchange currents.

1. Axial-vector current

The axial vector exchange curreAy;-y consists of a

pion-pole term and a nonpole pakf;cx. Using the PCAC
hypothesis, we can expre#g;-y in terms of the nonpole
part alone:

_ ©
M — AM -
AMEx=AMEX" 3 3

mZ—qy,

(9 KM EX™ wKM Exo)- (29

We therefore need only consider the nonpole part. For the
time component it is known that one-pion exchange diagram
gives the most important contribution, called the Kubodera-
Delorme-Rho(KDR) current[37].% The explicit form of the

KDR current, with a vertex form factor supplemented, reads

2
O(X—ry)[ 7 72](i)

dq’ " e—iq-r
Xf(z )3K =(a"%) 2

w

(02:0)+(12),

(30

with r=r;—r, and w,=+/q’'2+m>. For the space compo-
nent, we take account of the isobar curréqt that arises

from one-pion and ong-meson exchange diagrams. Its ex-
plicit form is

dg'e '@ " K (q’2)

(2m)3
+di(o1Xq")[ 7 X 72](t)}(0'2'Q')

+£{cpq "X (ooXq )a-‘ +d,oq
w

P

A (X)=4mfp8(x—1y) f {coq' 75"

X[ X (02X q) [ 7 X 7]} +(12), (3D

with w,= Vvq' +mp2 andm, is the mass of the meson. For
the third component of the isovector current, we just replace

As mentioned, we use a phenomenological Lagrangian °As discussed extensively [88,39, corrections to the KDR cur-
approach to estimate the contributions of meson-exchangent can arise from heavy-meson exchange diagrams. We however

currents. In a PhLA due to Ivanov and Truhlig7], the
MEX operators are derived in a hard pion approg®#l, in

do not consider those corrections here, since the contribution of the
KDR current in the present case turns out to be siisaé below.

034617-4
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70 and [7 X 7)) with 72/2 and [ 7 X 7,]®)/2, respec- Wwork [8,9] indicates that, as long as we use a realibti
tively. (This prescription will be applied to other exchange potential that .reproduces with sufficient accuracy the scatter-
currents as well. The numerical values of the pion coupling N9 Phase shifts and the deuteron properties, the numerical
constants can be determined from low-energy pion-nucleoﬁesuns for thev-d cross sections are not too sensitive to

scattering[40], while the p-meson coupling constants are particular choices oNN potentials. It seems worthwhile to

deduced from the quark model: further check this stability for thenodern potentials that
were not available at the time of the work describe{idig].
f2 5 5 As representatives of the “state-of-the-al’N potentials,
2, 008, com;=0.188, dim;=—0.044, we consider in this work the following three: the Argonne-
v18 potential ANLV18) [42], the Reid93 potentidk3], and
Cpm§=36.2, d,=—tc,. the Nijmegen Il potentia(NIJ Il) [43]. For the sake of defi-

niteness, however, we treat ANLV18 as a primary represen-
Furthermore, we assume that tyedependence of the ver- tative. We shall compare our results with those obtained with
tex form factors K,n(q?) andK,,(a®) (m=m,p), is giv-  the use of the mor&aditional potentials.

en by K n(0%) =K ,a(0?) =K (0 = (A2—m2)/(A2+ D),

and KPN(q2) = KPA(qZ) = Kp(qZ) = (Ai_ mi)/(A/§+ P, D. Monitoring the reliability of the model
with cutoff masses,A;=1.18 GeV andA,=1.45 GeV Although, as mentioned, there is by now a rather long list
[41]. We use the above-listed values of coupling constantsf experimental and theoretical work that points to the basic
and form factors as our standard parameters. robustness of PhLA calculations, it is desirable to monitor
the reliability of our model by simultaneously studying reac-
2. Vector current tions that are closely related to thed reactions and for

Regarding the vector exchange currents, we first note thayhich experimental data are available. It turns out that the
the exchange currents for the time component must be smatifNA vertex that features in the dominant exchange current
since the exchange currents for charge vanish in the statfr the »-d reaction appears also in thgg— yd reaction, for
limit. As for the space component, we take into account pairwhich experimental cross sections are known for a wide
pionic, and isobar currents. If we adopt the one-pion exfange of incident energy, from the thermal neutron energy up
change model for the pair and pionic current and the oneto the pion-production threshold. We therefore calculate here
pion and onep-meson exchange model for the isobar cur-both v-d reaction andnp— yd cross sections in the same
rent, their explicit forms are given as formalism and use the latter to gau(p least partially the

reliability of our model.

+ . f 2 +
Vipair(X) = — 2|fv(m_) S(x—r)[ 7 X 7]

m

Ill. CALCULATIONAL METHODS

(zw)aKi(q*) o1(02-q) +(12),

J q eiar A. Multipole expansion of hadron current

To evaluate the two-nucleon matrix element of the hadron
current, we first separate the center-of-mass and relative
(32 wave functions

da; ) (ry,rald(P))y=e"Ryqy(r),
(Zw)sKﬂ(qi ) (35)
(r1.r2NN(P")) =€ Ry, (1),

2
o,

2

V;ionic(x):2i< [71X72](i)f

m’ﬂ'

da , €719 (1) g ity (xr2)
Xf 2 )3Kw(q§ 2 2 wherer=r;—r, and R=(ry+r,)/2, and 4 and ¢, repre-
77 @1 @2 sent, respectively, the deuteron wave function and a
X (01 0) (0 Co) (O, + L)), 33 scattering-state wave function with asymptotic relative mo-
(01-G) (02 Gp) (G ) 33 mentump’. Then the matrix element of the hadron current
fut foy . for charged-current reaction is given by
Vi(X)=— 50— VXA], (34

iSE=(NN(P")|3$C(0)|d(P))

with w ;= \m2+q/2.

C. Nucleon-nucleon potential

In the PhLA, the nuclear transition matrix elements areAs for the neutral-current reaction, we just repld¢é with
obtained by sandwiching the one-body IA and tvvo—bodyJQ‘c. In the following equations)], without a superscript
MEX currents between the initial and final nuclear waveapplies for both NC and CC. Eliminating the dependence of
functions which obey the Schdimger equation that involves the current], (x) on the center-of-mass coordind®ewe can
a phenomenological nucleon-nucleon potential. The earliewrite

= f dr yi5() f dRe 1IRICC(0) [yy(r).  (36)

034617-5
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"

where 7, (X)=J,(X)|g=o. Similarly, we define V,(x)
=V, (X)|g=o and A, (X)=A, (X)|g=o. We now introduce the
standard multipole expansion of the nuclear curr¢At.

(37)

jx:<¢p’ fdxeiq'xjx(x)

The multipole operator for the time component of a current

is defined by
()= f @Yo T0, (38

wherej;(gx) is the spherical Bessel function of ordé&rq

=|q|, andx=x/|x|. The electric and magnetic multipole op-
erators are defined by

L : ~
T f AV X[} 5(@0Yaom(X)]- T0), (39

M) = f AX (@) Ypou(R) - T, (40)

whereYJ,_M(f() are vector spherical harmonics. The longitu-

dinal multipole operator is defined by

My - °
T <J>—qfdxv[JJ<qx>YJM<x>]-J<x). (41

PHYSICAL REVIEW C63 034617

B. Cross sections
_As explained earlier, we calculate the cross sections for
vlv(k)+d(P)—1(k")+Ny(p1) +Ny(ps) in the laboratory
system. Following the standard procedure, we obtain the
cross section for the CC reaction as
S k+P—k —P’) GZcog 6
do= 2
IK; (2m)° 2

XF(Z,E])|INT? dk’ dpy dps,

(45)
and the cross section for the NC reaction as

S k+P—k'—P") G_él
(2m)° 2

d0'=_2

if

IMN? dk’ dp; dpj.
(46)

The matrix elements* andj, have been defined in E¢LO)

and in Eq.(36), respectively. In Eq(45), we have included
the Fermi functionF(Z,E/) [45] to take into account the
Coulomb interaction between the electron and the nucleons.
In fact, this factor is relevant only to the,+d—e™ +p

+ p reaction, for which we should ude(Z=2E/); for the
ve+d—e" +n+n reaction we havé&(Z=0,E/)=1.

Substitution of the multipole operators defined in Egs.
(38)—(41) leads to

Using the conservation of the vector current, the longitudinal
multipole operator of the vector current can be related to the

charge density operator as

TiM<v>=—§TéM<v>. (42)

An explicit form of the electric multipole operator for the
vector current is given by

J ~

TJEM(V): i \/;f dX j3512(0%) Y335 1m(X) - V(X)
J+1 R

i \/;j dXj3-1(a%)Yy3-1m(X) - V(X).

(43

. . JoMgido—M JoMgiJdo—M
IXJA=JEM Arido(— 1)Mo( g [ T JoMop Jo ™Mo T JoMoj Jo=Mo
oo
JoMgJg—M J Mg Jg—M
+ T JoMopJo™Mo 7 oMoy Jo Moy 47)

where the lepton matrix elements are given as

I%M:YJM(EI)on

N NEE . J .
IE"= mYJflJM(q)"_ mYJJrlJM(q) -1,

(49

(48)

Here again we can use the current conservation to rewrite

Eq. (43) in a form that has the correct long-wavelength limit

of an electric multipole operator:

J+1
TE'W)=- \/?%Té“w
i )
! \/TJ’ dXj341(9%) Yyz4 1m(X) - V(X).

(44)

I =Y33m() -1,

. J . (i1 .
"= mYJ—lJM(Q)_ ZJ—+1YJ+1JM(q) -l

(51)

(50

To proceed, we use a scattering wave function of the follow-
ing form:
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Yo ()= > 4m(1/25,,1/28,|Sp) (112,71, 112,m,| T, T,) M= 2 > (—1)Mojlo L
L,SJ,T L,S,3,T,m Jg Mg
~ 2
X(LmSuIM)IYE () frsar(T), (52 (4m)
: X 1/251,1/25,|Sp)(112,71,112,75| T, T,)
\/m( 1 2| lu‘)( 1 2| z
with -
X(1mMgdoM o[ IM)(LMSu[IM)Y | n(p")
1_(_1)L+S+T 2 . 3
sy =———=—"—2 YusdDRL L.s(N 717, % T JoyJo™ Mo
V2 L’ o X=C,§E:,L,M (T3 ' (56
(53
wheremy is the z component of the deuteron angular mo-
yLSJ(F):[YL(F)®XS](J) (54) mentum. We have used here a simplified notation

. i . (0%) = (53110 [¢q) (57
whereyxs (#7) is the two-nucleon spifisospir) wave func- i .
tion with total spinS (isospinT). The above wave function for the reduced matrix element defined by
is normalized in such a manner that, in the plane-wave limit,

it satisfies (J'M’|0Q%Mo|JM) = (IMJI,Myld’'M")

1
V23 +1
RY LD =P o0 (55 «(3']|0%|] ). 59
The partial-wave expansion of the scattering wave functiowhereO’Mo are the multipole operators that appear in Egs.
[Eq. (52)] gives (38)—(41).
1. Cross sections for charged-current reaction

For the CC reaction, observables of interest are the total cross section and the lepton differential cross sections. We
therefore integrate Eq45) over the momenta of the final two nucleons. The evaluation of the phase space integrals and the
relevant kinematics are briefly described in the Appendix. According to the Appendix4Bdeads to

G2 co¥ fc - o
o=—— 5 F(ZENIMIPaMy+k—E[=P'%)Jp"*dp' k'’2dK’ Oy, (59
where
2 Jo 2 K Gl K N Jo 20441
M| :LSEJJ (TeW) 1+k'ﬁ+g<1—k-ﬁ+2qﬁqk)—Fq-(kﬂf) +UT (AN A (1+k-B)

+[(T Jo(A))2(1—k- B+20- Ba-K) +2 RE(T L(A)NT 1oAY 1a- (k+ B) + (T 22(W) 2+ (T (V)2

+ (T2 A2+ (T 2(A)I2(1—G kG- B F2 RE(T ye(WVINT 2( AN +(T 2 (ANT 2(V)* 10 (k—B) | -
(60)

In the abovek’=|k’| andB=k’/E| ; p’ is the relative momentum of the final two nucleons, anhe:|p’|. Of the double sign

in the last line of Eq(60), the upperlower) sign corresponds to the (7) reaction. The appearance of the facion Eq. (59
needs an explanation. As discussed in the Appendix, when relativistic kinematics is adopted, there arises a Jacobian

associated with the introduction pf but it is a good approximation to usk the angle-averaged value &f
For the total cross section, the use of relativistic kinematics gives

Gicodoe /(P Rp'K
3w 1+E|’(1—kcosaL/k’)/m

a=f dTJ d(coséh,) F(Z,E/)|M|?, (61)

whereT is the kinetic energy of the findllN relative motion andd, is the lepton scattering angle (c@s=k-k’) in the
laboratory frame. If instead we use nonrelativistic kinematics, the results would be
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JdTJ d(cosd )G,Z:cosz 6c E/(2M,)p'k’
0':
Y37 14E/(1—kcosh, k') (My;+Myy)

F(Z,E)IM?, (62

whereMy; is the mass of théth nucleon, andV, is the reduced mass of the findN system.

Equation(59) also leads to double-differential cross sections do d2o
for the v,+d—e™ +p+p reaction: —:f s
° PP dTy "\ dQ, dT,
n Eq. (66)
d?c  GZcof 6¢ _
o= >—F(Z,E))Ip'K'E[ VP, + M|, do 420
A0 dE| 127 :f T _ 67)
(63 dQ, dQ, dT,
n n Eq. (66)
The electron energy spectrum and the electron angular dis- The calculation of the total cross section for the
tribution are obtained from Ed63) as — yd reaction follows essentially the same pattern as that of
the v-d total cross section, and therefore we forgo its de-
do o scription.
—= f ko,<—,)
dE| d dE ) 65 IV. NUMERICAL RESULTS

A. Radiative capture of neutron on proton

do ZJ dE! d’o 64) To test the nuclear currents and wave functions used, we
dQ, ! dQ, dE/ first discuss the capture rate fop— yd. Thermal neutron
capture is a well-known case for testing exchange currents
[19,20. This reaction is dominated by the isovector mag-
2. Cross sections for neutral-current reaction netic dipole transition from the'S, np scattering state.
The total cross section for the NC reaction can be calcuWith the use of the ANLV18 potential, our PhLA calculation
lated in essentially the same manner as above. The result ves o(np— yd)=335.1 mb, with both the IA and MEX
currents included. This is in good agreement with the experi-
) mental valueo(np— yd)®*P'=334.2-0.5 mb [46]. With
‘T:f de d(cosd )% the IA contribution alone, our result would be(np
Vs —yd)'"A=304.5 mb. The 10% contribution of the exchange
current is due to the pion, pair, arid currents.

) Eq. (63)

JE/(/ P;L2/2)p’k’ Going beyond the thermal neutron energy regime, we
X IM|?2, (65  give in Fig. 1 the calculatedt(np— yd) as a function of the
1+E/(1—kcosé k') P/’L2+ i incident neutron kinetic enerdy, . The experimental data in

Fig. 1 have been obtained from either the neutron capture

here|M|2 is given by Eq.(60) with, however, the charged refiction itself{47] or its inverse procespt8,49, using de-
W [M[* is giv y Eq(60) wi wev g I:[alled balance for the latter. We can see that our results de-

current replaced by the neutral current. By contrast, in cal-"" expt
culating neutron differential cross sections we can no Ionge?Crlbe very well the energy dependenceodhp— yd)

integrate over the relative momentum of the final nucleons‘."III the way up toTn~1OQ MeV. The figure indicat.es that
We therefore work with the following expressions: the electric dipole amplltudg starts to becqme important
aroundT,=100 keV. In the higher energy region we should

expect deviations from the long-wavelength limit of the elec-

d’o Gﬁ Epk’zp;En tric dipole operator, and therefore the good agreement of our
— i IN|2 . e
40 dT —f Qe 3(2m)° E.—pl-K m 2;4 . M2 results with the data suggests that the description of the elec-
P00 . P~ Po d+n%p tric multipole is also satisfactory The fact that our PhLA

(66)  calculation with noad hocadjustment of the input param-
eters is capable of reproducing(np— yd)®*P! for a very
where we have indicated explicitly averaging over the initialwide range of the incident energy gives us a reasonable de-
spin and summing over the final spins. The energy and mo-
mentum of the final protofmeutron are denoted by&/, ,p.)
with @=p (a=n); T, is the kinetic energy of the neutron.  “Since our treatment here does not include pion production, our

The neutron energy spectrum and the neutron angular distriesults should be taken with caution above the pion production
bution are then evaluated as threshold.
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gree of confidence in the basic idea of the PhLA and thesven forE, =170 MeV, where the summed contribution of
input parameters us€ddf course, strictly speaking, the elec- higher partial wavesJ>6) is found to be less than 1%. The
tromagnetic and weak-interaction processes do not probe exable reconfirms that, in the low-energy region, the Gamow-
actly the same sectors of the PhLA, but the remarkable sucreller (GT) amplitude due to the'S, final state gives a
cess witha(np— yd) gives, at least, partial justification of dominant contribution. It is therefore important to take into
our PhLA as applied to weak-interaction reactions. Notingaccount theA-excitation axial-vector current, which gives a
that the dominant axial MEX current due fo excitation is  main correction to the IA current. As mentioned, in our ap-
related to theA-excitation MEX current for the vector cur- proach, the coupling constant determining theexcitation
rent [we need only replacef(+fy)/2My with fa], we  MEX current is controlled by thep— yd amplitude. AsE,
evaluate the former with the same input parameters as Us§fcreases, théP; final states become as important as the

in calculatingo(np— yd). s, state, and therefore 1type multipole operators arising
_ _ from the vector as well as axial-vector currents start to play a
B. Cross sections ofv-d reactions significant role. In this sense it is reassuring that the validity

We now present our numerical results for tb(e7)-d re. of our moo!el for the electric dipole matrix elem_ent in this
actions. In what follows, the standard ruri represents our  €N€rgy region has been tested in the photoreaction.
full calculation with the following features. The ANLV1g  Tuming now to Table Ill, we give in the second column
potential[42] is used to generate the initial and final two- labeled “IA” the ratio of the total cross section obtained
nucleon states and the final two-nucleon partial waves ar#ith the use of the IA terms alone to that of ostandard
included up taJ=6. For the transition operators, we use therun. We see that, at the low energies, the MEX contribution
IA and MEX operators described in Sec. II; the Siegert theodis about 5% of the IA contribution. A&, increases, the
rem is invoked for the electric part of the vector current. Asrelative importance of the MEX current contribution is aug-
regards the single-nucleon weak-interaction form factors, wenented and it can reach as much as 8% in the high energy
employ the most updated parametrization given in Egsregion. The third column £ Ayex) in Table Il gives the
(22)—(28). The final two-nucleon system is treated relativis- cross section that includes the contribution of the space com-
tically in the sense explained in the Appendifur numeri-  ponent of the axial exchange current, while the fourth col-
cal results will be given primarily for ostandard runother  umn (+ Acpgr ) gives the results that contain the additional
cases are presented mostly in the context of examining theontribution of the time component of the axial exchange

model dependence. current. It is clear that the MEX effects are dominated by
_ _ _ +Ayex; the axial-charge contribution is very small for the
1. Total cross sections for-d and v-d reactions entire energy range considered here. The last column

We give in Table | and Fig. 2 the total cross sections,(*+Vuex) in Table Ill gives results obtained with the use of
obtained in ourstandard run for the four reactionsv.d  the full vector exchange currents, Eg3), i.e., without in-
—e pp, rd—r,np, vd—etnn, and v, d— vnp. The voking the Siegert theorem. The numerlc_al difference be-

. . . S — tween the two case@with or without the Siegert theorem
cross sections are given as function£gf, the incidentv/v

= 10 imposed is found to be very small; the difference is practi-
energy, fromhthe thresholdhEVh—. 1h70 MeV. "It shogld be cally zero for lower values dE, and, even at the higher end
mentioned that towards the highest endEf considered ¢ it i Jess than 1%. Thus the Siegert theorem allows us
here, pion production sets in but the present calculation does

not include it.

It is informative to decompose the total cross section into
partial-wave contributions. Table Il shows the relative im-
portance of the two lowest partial waves in the final two-
nucleon state; denoting the contributions to the total cross
section from the 'S, and °P, states by o (!S,) and
>,0(3P;), respectively, we give in Table Il the ratios,
o(*Sp)/o(all) and=3_,0(°P;)/o(all), as functions of, .
Here o(all) denotes the sum of the contributions of all the
partial waves; in fact, it is sufficient to include up Jo=6 0.1

10 T T T T
n+p—d+y

vo [10"9cm3/sec]

T, [MeV]

8 P ; ; /
Another similar success of the PhLA is known in te,e")np FIG. 1. Total cross section for radiative neutron capture. The

reaction[20]. . ) solid curve corresponds to the results of our full calculation includ-
®We must emphasize that our calculation takes account of “relajng the 1A and exchange currents and all the multipole amplitudes.
tivity” only in certain aspects of kinematics. Going beyond this is The dashed and dash-dotted curves show the individual contribu-
out of the scope of this paper. tions of the magnetic-dipole and electric-dipole amplitudes, respec-
'“The numerical results reported in this article are avail-tively. The data are taken either from the neutron capture reaction
able in tabular and graphical forms at the websitejtself [47] or from its inverse process!8,49, with the use of de-

(http://nuc003.psc.sc.edifubodera/NU-D-NSGK tailed balance for the latter.
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TABLE I. Total cross sections for-d reactions in units of cf The “—x” in parentheses denotes 1¥) thus an entry like 4.279-47)
stands for 4.279.10" %" cn?.

E, E
[MeV] wvd—wpn  vd—wpn ved—e pp rved—e'nn [MeV] wd—wvpn  vd—wpn ved—e pp v.d—enn

v

2.0 0.000(0) 0000(0)  3.603(-45 0.000(0)  12.2 1.938(-42 1.821(-42) 4.539(-42) 2.392(-42)
2.2 0.000(0) 0000(0)  7.833(-45 0.000(0) 124 2.026(-42 1.902(-42) 4.734(-42) 2.516(-42)
2.4 4279(-47) 4.248(-47)  1.404(-44) 0.000( 0)  12.6 2.117(-42 1.985(-42) 4.933(-42) 2.644 (-42)
2.6 4.258(-46) 4.222(-46) 2.242(-44) 0.000( 0)  12.8 2.210(-42 2.069(-42) 5.137(-42) 2.775(-42)
2.8 1.457(-45) 1.443(-45  3.315(-44) 0.000( 0)  13.0 2.305(-42) 2.156(-42) 5.346(-42)  2.909 (-42)
3.0 3.355(-45) 3.320(-45)  4.639(-44) 0.000( 0) 135 2.551(-42) 2.379(-42) 5.887(-42) 3.258(-42)
3.2 6.286(-45 6.213(-45)  6.228(-44) 0.000( 0)  14.0 2.811(-42 2.614(-42) 6.456 (-42) 3.626 (-42)
3.4 1.038(-44) 1.025(-44) 8.095(-44) 0.000( 0) 145 3.084(-42 2.860(-42) 7.054(-42)  4.015(-42)
3.6 1574(-44) 1553(-44) 1.025(-43) 0.000( 0) 150 3.371(-42 3.117(-42) 7.681(-42)  4.422(-42)
3.8 2.246(-44) 2213(-44) 1.271(-43) 0.000( 0) 155 3.671(-42 3.385(-42) 8.338(-42)  4.849 (-42)
40 3.060(-44) 3.012(-44)  1547(-43) 0.000( 0) 16.0 3.984(-42) 3.663(-42) 9.024(-42) 5.295 (-42)
42 4.024(-44) 3.956(-44)  1.855(-43) 1.115(-45 165 4.311(-42) 3.953(-42) 9.740(-42)  5.760 (-42)
44 5.142(-44) 5.049 (-44)  2.196(-43) 4.554(-45 17.0 4.651(-42) 4.253(-42) 1.049 (-41)  6.244 (-42)
46 6.420(-44) 6.297 (-44)  2570(-43) 1.010(-44) 175 5.006(-42) 4.564(-42) 1.126(-41) 6.747 (-42)
48 7.860(-44) 7.702(-44)  2.978(-43) 1.787(-44) 18.0 5.374(-42) 4.886(-42 1.207 (-41) 7.268 (-42)
5.0 9.468(-44) 9.267 (-44)  3.420(-43) 2.799 (-44) 185 5.755(-42) 5.218(-42) 1.291(-41)  7.809 (-42)
52 1.125(-43) 1.100(-43)  3.807 (-43) 4.059 (-44) 19.0 6.151(-42) 5561 (-42) 1.378(-41) 8.367 (-42
5.4  1.320(-43) 1.289(-43)  4.410(-43) 5578(-44) 195 6.560(-42) 5.915(-42) 1.468(-41) 8.944 (-42)
5.6 1.533(-43) 1.495(-43)  4.959 (-43) 7.364(-44) 20.0 6.984(-42) 6.279(-42) 1561 (-41) 9.539 (-42)
5.8 1.763(-43) 1.718(-43) 5544 (-43) 9.427(-44) 205 7.421(-42) 6.653(-42) 1657 (-41) 1.015(-41)
6.0 2.012(-43) 1.958(-43)  6.166(-43) 1.177(-43) 21.0 7.872(-42 7.038(-42) 1.757(-41) 1.078(-41)
6.2 2.279(-43) 2215(-43)  6.825(-43) 1.441(-43) 215 8.338(-42) 7.434(-42) 1.859(-41) 1.143(-41)
6.4 2.564(-43) 2490 (-43)  7.522(-43) 1.733(-43) 22.0 8.817(-42 7.839(-42) 1.965(-41) 1.210 (-41)
6.6 2.868(-43) 2.782(-43)  8.258(-43) 2.056(-43) 225 9.311(-42) 8.255(-42) 2.074(-41) 1.278(-41)
6.8 3.191(-43) 3.092(-43)  9.031(-43) 2.409(-43) 23.0 9.819(-42) 8.681(-42) 2.187 (-41) 1.348(-41)
7.0 3.532(-43) 3.419(-43)  9.843(-43) 2.792(-43) 235 1.034(-41) 9.117 (-42) 2.303 (-41)  1.420 (-41)
7.2 3.893(-43) 3.764(-43)  1.069(-42) 3.206(-43) 24.0 1.088(-41) 9.564 (-42) 2.422(-41)  1.494 (-41)
7.4 4273(-43) 4.126(-43)  1.159(-42) 3.652(-43) 245 1.143(-41) 1.002(-41) 2.545(-41) 1.569 (-41)
7.6 4.672(-43) 4.506(-43)  1.252(-42) 4.127(-43) 25  1.199(-41) 1.049(-41) 2.671(-41) 1.646 (-41)
7.8  5.001(-43) 4.904 (-43)  1.349(-42) 4.635(-43) 26  1.317(-41) 1.145(-41) 2.933(-41) 1.805(-41)
8.0 5529(-43) 5.320(-43) 1.450(-42) 5.175(-43) 27  1.440(-41) 1.245(-41) 3.209 (-41) 1.971(-41)
8.2 5.0987(-43) 5754(-43)  1555(-42) 5.746(-43 28  1.569(-41) 1.350(-41) 3.499 (-41) 2.143(-41)
8.4 6.464(-43) 6.206(-43)  1.664(-42) 6.349(-43) 29  1.704(-41) 1.458(-41) 3.803 (-41) 2.322(-41)
8.6 6.961(-43) 6.676(-43) 1.777(-42) 6.984(-43) 30  1.845(-41) 1.570(-41) 4.121(-41) 2.507 (-41)
8.8 7.479(-43) 7.163(-43)  1.894(-42) 7.652(-43 31  1.992(-41) 1.685(-41) 4.454 (-41)  2.698 (-41)
9.0 8.016(-43) 7.669(-43) 2.016(-42) 8.351(-43) 32  2.145(-41) 1.805(-41) 4.802(-41) 2.896 (-41)
9.2 8573(-43) 8.193(-43)  2.141(-42) 9.082(-43) 33  2.304(-41) 1.928(-41) 5.164(-41)  3.099 (-41)
9.4 9.150(-43) 8.735(-43)  2.271(-42) 9.846(-43) 34  2.469(-41) 2.055(-41) 5.541(-41) 3.309 (-41)
9.6 9.747(-43) 9.294 (-43)  2.405(-42) 1.064(-42) 35  2.640(-41) 2.186(-41) 5.934(-41) 3.525(-41)
9.8 1.036(-42) 9.872(-43) 2544 (-42) 1.147(-42) 36  2.817(-41) 2.320(-41) 6.342(-41)  3.746 (-41)
10.0  1.100(-42) 1.047(-42)  2.686(-42) 1.233(-42 37  3.001(-41) 2.458(-41) 6.765(-41) 3.973 (-41)
10.2  1.166(-42) 1.108(-42)  2.833(-42 1.322(-42 38  3.190(-41) 2.600 (-41) 7.204(-41)  4.206 (-41)
10.4  1.234(-42) 1.171(-42) 2.984(-42) 1.415(-42 39  3.386(-41) 2.745(-41) 7.659 (-41)  4.445 (-41)
10.6  1.304(-42) 1.236(-42)  3.139(-42 1.510(-42 40  3.588(-41) 2.893(-41) 8.130(-41)  4.689 (-41)
10.8  1.376(-42) 1.303(-42)  3.299 (-42 1.609 (-42 41  3.796(-41) 3.045(-41) 8.617(-41)  4.938 (-41)
11.0 1.450(-42) 1.372(-42)  3.463(-42 1.712(-42 42  4.011(-41) 3.200(-41) 9.120(-41) 5.193 (-41)
112  1526(-42) 1.442(-42)  3.631(-42 1.817(-42 43  4.232(-41) 3.359 (-41) 9.639(-41)  5.453 (-41)
114  1.604(-42) 1.514(-42)  3.804 (-4 1.925(-42) 44  4.459(-41) 3.521(-41) 1.018(-40) 5.718 (-41)
116  1.684(-42) 1.588(-42)  3.981(-42) 2.037(-42 45  4.692(-41) 3.686(-41) 1.073(-40) 5.988 (-41)
11.8  1.767(-42) 1.664(-42)  4.163 (-42) 2.152(-42) 46  4.932(-41) 3.854(-41) 1.130(-40) 6.264 (-41)
120 1.851(-42) 1.741(-42) 4.349(-42) 2.270(-42 47  5.178(-41) 4.026(-41) 1.188(-40) 6.544 (-41)
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TABLE |. (Continued)

15
E,
[MeV] wvd—wpn  vd—wvpn v.d—e pp v.d—e'nn _
- 10
48  5.430(-41) 4.201(-41) 1.248(-40) 6.829 (-41) f
49  5.689(-41) 4.379(-41) 1.310(-40) 7.119(-41) 2
50  5.954(-41) 4.559(-41) 1.374(-40)  7.413(-41) e 5
51  6.226(-41) 4.743(-41) 1.440(-40) 7.712(-4))
52  6.504(-41) 4.930(-41) 1.507(-40) 8.016(-41) 0
53  6.788(-41) 5.120(-41) 1.575(-40) 8.324(-41) 0 5 10 15 20
54  7.079(-41) 5.313(-41) 1.646(-40) 8.636(-41) Ey [MeV]

55 7.376(-41) 5.509(-41) 1.718(-40) 8.953(-41)
60 8.957(-41) 6.528(-41) 2.107(-40)  1.060(-40)
65 1.070(-40) 7.612(-41) 2.540(-40) 1.233(-40)
70 1.260(-40) 8.757(-41) 3.018(-40)  1.415(-40)
75 1.465(-40) 9.959(-41) 3.540(-40) 1.606(-40)
80 1.686(-40) 1.121(-400 4.108(-40) 1.802(-40)

o [107%%em2]
>

85  1.922(-40) 1.250(-40) 4.721(-40)  2.004(-40) 5|
90  2.172(-40) 1.383(-40) 5.378(-40)  2.212(-40) o

95  2.437(-40) 1.520(-40) 6.079(-40)  2.424(-40) = .

100  2.715(-40) 1.660(-40) 6.824(-40)  2.640(-40) 20 60 100 140

105  3.007(-40) 1.803(-40) 7.612(-40)  2.859(-40) E, [MeV]

110  3.313(-40) 1.949(-40) 8.440(-40)  3.081(-40) _ _ R
115 3.630(-40) 2.097(-40) 9.307(-40)  3.306(-40) FIG. 2. Total cross section for the reactiongl—e™ pp, ved

120 3.958(-40) 2.247(-40) 1.021(-39)  3.532(-40) —e’nn, vd—vpn, and?d—>7pn. The solid and dotted_curves
125 4.298(-40) 2.397(-40) 1.116(-39)  3.760(-40) show the charged-current reaction cross sectionsfand v, re-

130  4.648(-40) 2.549(-40) 1.214(-39  3.990(-40) spectively, while the long-dashed and dash-dotted curves give the
135 5.009-40) 2.702(-40) 1.315(-39)  4.220(-40) neutral-current reaction cross sections #oand v, respectively.

140 5.378(-400 2.855(-40) 1.420(-39)  4.452(-40) .
145  5756(-40) 3.009(-40) 1528(-39  4.684(-40) somewhat larger than those of KN, and the difference be-

0 . . .
150 6l i) 1ew(3 asioca  COTES DO lonerdsine foher endof Misarance
155 653940  3.318(-40) 1753(:39 5151(40 . (99 Wghic)fg accounts for a 3—4 % differenteThe re-
160 6.941(-40)  3.472(-40  1.870(-39  5.385(-40) mgiginé ~2% difference is due to f)ur use of relativistic
165 7.350(-40  3.627(-40  1989(-39)  5.621(-40 kinematics and the inclusion of the contributions from higher
170 7.765(-400 3.781(-400 2.111(-39  5.856(-40)

TABLE II. Contributions of the two lowest partial waves. For
several representative values of the incident neutrino erieygyre
to take into account implicitly most part of the MEX for the shown the ratiosp('Sp)/o(all) and S3_0o((Py)/a(all), as de-

vector current? fined in the text.

In order to compare our cross sections with those of the -
previous work, we give in Table IV the ratios of the cross . ‘j(””’)F)r‘3 . d(v.e )pg
sections reported in YHH10] and in KN [12] to those E.[MeV] S P S P,
of our standard run the_ second. column gives 0.999 0.001 0.999 0.001
o(YHH)/ o(standard run), while the third column shows

. .~ 10 0.995 0.005 0.993 0.007

o(KN)/ a(standard run). In the solar neutrino energy region, 0972 0.027 0.964 0035

one can see that the results of our standard run agree wi 0.827 0.158 0'804 0'182

those of KN[12] within 1% except for thev,d—e pp re- 00 0.589 0'334 0.561 0.366
action near threshold, wherein the discrepancy can reach 208 ' ’ : '

0.433 0.410 0.409 0.442

As the incident energy becomes higher, our results start to be0

Mn our approach, which uses phenomenological nuclear poten-
tials, the conservation of the vector current is not strictly satisfied. *The value of the cutoff mass, in [35] was deduced from an
A measure of the effect of current nonconservation may be proexperiment involving a deuteron target and therefore it may involve
vided by comparing two calculations, one with the Siegert theoremrmuclear effects. It seems worthwhile to reanalyze the data taking
implemented and the other without. The results in Table Il indicateinto account possible nuclear effects. Another potentially useful
that numerical consequences of the current nonconservation assurce of information om, is low-energy pion electroproduction
practically negligible in our case. [50].
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TABLE llI. Contributions of meson exchange currents to the  TABLE IV. Model dependence of total cross sections. The sec-
total cross section. The second colurtiA) gives the total cross ond column (YHH) and the third column (KN) give
section obtained with the 1A terms aloffell the cross sections in  o(YHH)/o(standard run) ando(KN)/o(standard run), respec-
this table are normalized by the cross sections obtained in our stamively. The fourth columr(Reid93 [fifth column(NIJ 11)] gives the
dard run. The third column ¢Ayex) shows the cross section that ratio of the total cross section obtained with the use of the Reid 93
includes the contribution of the space component of the axial expotential[Nijmegen Il potentig] to that of our standard run. The
change current, while the fourth columr-Ayxpr ) gives the re-  last column[A(CRSW)] gives the ratio of the total cross section
sults that contain the additional contribution of the time componenbbtained with theA current of Carlsoret al. [24] to that of our
of the axial exchange current. The last columAMyex) gives  standard run.
results including the full exchange currents using &) for the
vector current, i.e., without invoking the Siegert theorem. d(v,v)pn

E, [MeV] YHH KN Reid93 NIJII  A(CRSW)

d(v,v)pn
E, [MeV] A 4 Ayex + Akoro Ve 5 0.962 1.002 0997  1.002 0.965
10 0.955 1.003 0.998  1.002 0.961
5 0.949 1.000 0.999 1.000 20 0.946 1.000 0.998 1.001 0.956
10 0.942 0.999 0.999 1.000 50 0.964 0.993  0.999 1.000 0.953
20 0.934 0.996 0.996 1.000 100 0961 0.971 1.000 1.000 0.953
50 0.927 0.991 0.991 0.999 150 0.915 0.943 1.000 0.999 0.954
100 0.925 0.984 0.984 0.997 d(v,e)pp
150 0.924 0.979 0.979 0.996 E,[MeV] YHH KN Reid93 NIJII A(CRSW)
E, [MeV] A div/fi)pp LA ny 5 0.956 1.019 1.003  1.003 0.968
’ MEX KDRO MEX 10 0.949 1.008 1.003  1.002 0.964
5 0.952 0.999 0.999 1.000 20 0.948 1.002  1.002 1.001 0.959
10 0.945 0.997 0.997 1.000 50 0961 0.990 1.001  1.000 0.956
20 0.937 0.994 0.994 1.000 100 0.955 0.968 1.001  0.999 0.956
50 0.928 0.985 0.985 0.999 150 0.897 0.941 1.001 0.999 0.956
100 0.924 0.974 0.974 0.995
150 0.922 0.966 0.966 0.993

the entire energy region under stutfySince all the poten-
tials used here describe theN scattering data to a satisfac-
) ) ) ~ tory degree, it is probably not extremely surprising that all
partial waves and from the isoscalar current which were igthesemodernrealisticNN potentials give essentially identi-

nored in the previous study. We have done an additionata) results forv-d cross sections, but the present explicit
calculation by running our code adopting the same approxiconfirmation is reassuring.

mations and the same input parameters as in KN, and con- |n our calculation the strength of th&-excitation ex-
firmed that the results agree with those of KN within 1% in change current, which contributes both to the Gamow-Teller
the high-energy region as wéfl. andM1 transitions, is monitored by the empirical values for
On the other hand, the cross sections of YHH] are  o(np— yd). Meanwhile, Carlsoret al. [24], in estimating
about 5% smaller than those of our standard run even at thiae solarpp-fusion cross section, used the tritiygxdecay
low energy. This reflects the fact that YHH did not include rate to fine-tune therNA coupling constant that features in
the MEX contributions(except for the term that could be the Gamow-Teller exchange current. This method turns out
incorporated via the extended Siegert thegrdndeed, com-  to yield somewhat “quenchedA-excitation MEX effects in
parison of the YHH cross sections with the entries in thethe pp fusion. It is therefore of interest to study the conse-
second column labeled “IA” in Table IIl indicates that, if quences of this second method for thel reactions. In the
we drop the explicit MEX terms in our calculation, the re- last column labeled A(CRSW)” of Table IV, we give the
sulting cross sections in the solar energy region agree withatio of the cross sections obtained with the use of she
those of YHH within~1%. current employed ifi24] to those of our standard run. In the
We next consider theNN-potential dependence of the solar energy region this ratio is found to be 0.96—-0.97, or the
cross sections. The fourth column labeled “Reid93” in MEX contribution relative to the IA term is 2%, instead of
Table IV gives the ratio of the total cross section obtained6% found in our standard run. This reduction is primarily
with the use of the Reid93 potenti@3] to that of our stan- due to the smallerrNA coupling constant ifi24]. At higher
dard run; the fifth column gives a similar ratio for the case ofneutrino energies, the use of thecurrent employed ifi24]
the NIJ Il potentia[43]. We note that the dependence on the
nuclear potentials is within 1% for all the reactions and for

“There is 2% variance for the.d—e*nn cross section near

threshold(not shown herg this is, however, very likely to be at-

13The precision of our numerical computation of the cross sectributable to the fact that tha-n scattering length is not exactly
tions is also 1%. reproduced by potentials other than ANLV18.
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TABLE V. Model dependence oR=o(NC)/c(CC)=0o(vd 0.4 . . : :
—wvnp)lo(v.d—e pp). For representative values &,, R for E,=5 MeV
our standard run is given in the second column. The third through
the sixth columns giveR,, with a = IA, Reid93, NIJ I, and
A(CRSW), normalized byRgandard run- S€€ also the caption for
Table IV.

0.2 - 1

0.1 - -

do/dE, [102ecm»MeV]

E, [MeV] Reangard on |A  Reid93 NIJ Il A(CRSW) P PR

I
[$)]

5 0.277 0.997 0.994 0999  0.997
10 0.410 0.997 0.996 1.000  0.997 2 ' ' ' -
20 0.447 0.997 0.997 1.000  0.997 Ey=10 MeV

50 0.433 0.999 0.998 1.000  0.997
100 0.398 1.001 0.999 1.000  0.997
150 0.375 1.003 1.000 1.001  0.998

dotdE, [10 ¥ cm2/MeV]

leads to a~4% MEX effect relative to the IA term, to be E, [MeV]
compared with the~8% effect found in our standard run.
Thus, in general, if we adopt the approach takef2#, the
importance of the MEX effect relative to the IA contribution
will be reduced by a factor of~2 as compared with the
result of our standard run.

As emphasized by Bahcadlt al. [33], one of the crucial
quantities in neutrino oscillation studies at the SNO is the 0 s .
double ratio[ NC]/[CC], where[NC] ([CC]) itself is the 0 5 10 15 20
ratio of the observed neutrino absorption rate to the standard E. [MeV]
theoretical estimate for the N(CC) reaction rate. This im- 60
plies that the reliability of theoretical estimates for the ratio
R=0(NC)/o(CC)=0a(vd—vnp)/o(v.d—e pp) is ex-
tremely important. We give in Table V the values Rfre-
sulting from the various models considered in this paper.
Since our primary interest here is to examine the model de-
pendence oR, we choose, in Table V, to normaliz by o 0 100 150
Rstandard run the value corresponding to our standard run; E, [MeV]

Rstandard run itself is shown in the second column of the

table. We learn from Table V that all the models studied give FIG. 3. Electron energy spectra for tirgd— e~ pp reaction.
essentially the samB; deviations fromRgiandarg run@re at
most~1%. Thus, the largest source of model dependence iﬂ/ebsitel

15 For four values of the incident neutrino energies,
our work due to the\-exchange current cancels out by tak- E,=5, 10, 20, and 150 MeV, we give the electron-energy
ing the ratio between the NC and CC reactions. e ’

spectrada/dE(, in Fig. 3 and the electron angular distribu-
tion, do/dQy, in Fig. 4. We note that the electron spectrum
2. Differential cross sections for the electron in Fig. 3 exhibits a “cusplike” structure forE,
=150 MeV. This feature, which is in fact common fbr,

We now discuss three types of electron differential cross- 19 MeV, probably calls for an explanation. For a given
sections for theve+d—e” +p+p reaction:(i) the energy  yajye ofE,, we can separate the electron eneEgyinto two
spectrumda/dE, in Eq. (64), (ii) the electron angular dis- ranges:E,<E.° or E/>E.®, whereE.° is the point above
tribution, do/dQ, in Eq. (64), and(iii ) the electron double- \ynich the electron scattering anglg cannot any longer
differential cross sectiongj?o/dE, dQ in Eq. (63). Al cover the full range[0,] for a kinematic reasotf. The
though this kind of information must be ImpIICItIy contained “Cusp”ke” structure occurs aEé: Eéc due to the interp|ay
in the computer codes used in the existing wiBk 12}, its  petween the change in the range in the phase space integral
explicit tabulation has been lacking in the literature. It seemsind the momentum dependence in the transition matrix ele-
very useful to make these differential cross sections readilynent for the final'S, channel. This structure, however, is
available to our research community. However, a trivial but
nonetheless serious problem is that the required amount of —
tabulation is enormous. We therefore present here some reP15gee footnote 10.
resentative results, relegating the bulk of tabulation to a 16ggg the Appendix.

8 E,=20MeV

do/dE, [10"%cm2/MeV]
s

E,=150 MeV
40 + -

20 +

doldE, [1072cm2/MeV]
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= 00 T GZ cog O
:g oos | EEIMEY ] do~ o fiMpp’k'zF(ZEé)
g
2 002k 1 X (3— B coso)I2dK dQ, 68)
S o001t .
S
0 30 0 9 120 150 180 where| is the relevant radial integral. Singg~1 andF
0, [deg] ~1, if we tentatively treat as a constant, we have a simple
0.4 , , , , , expression
B Ey=10 MeV
5
§ doop’k’?(3—cosé,)dk’ dQ,; . (69)
g
2 In fact, the electron angular distributions for low incident
% 30 60 90 120 150 180 neutrino energies can be simulated to high accuracy by Eq.
o, [deg] (69); see the dotted lines in Fig. 4. Thus, although the radial
2 , , , , , integrall may in fact depend strongly on the kinetic energy
7 F,=20 MeV of the NN relative motion, the numerical results for
R - da/dQ,, at low energies can be conveniently simulated by
?9 N the simple phase-space formula, E&p) (see also Ref51]).
> ~ As for the electron double-differential cross sections,
% 05| ] d?a/dELdQy/ , Eq.(63), even presenting some typical cases
S, , , , , . is impractical because of the bulkiness of the tables. We
0 30 60 90 120 150 180 therefore relegate their tabulation completely to the website
6, [deg] the address of which is given in footnote 10.
200 . .
B E,=150 MeV
?5 150 3. Neutron energy spectrum and angular distribution
S 100
& soF | Finally, we consider the neutron energy spectrum,
§ do/dT,, and the neutron angular distributiothg/d(),,, in
0 : ' ‘ : : Eq. (67), for the v+d— v+ p-+n reaction. ForE,=5, 10,
0 30 60 . f[’:eg] 120 150 180 20, and 50 MeV, we showo/dT, in Fig. 5 anddo/dQ,, in
'L

Fig. 6. Once again, we relegate a complete tabulation of our
o B numerical results to the website mentioned in footnote 10.
FIG. 4. Electron angular distribution for thed—e~pp reac-  \ye see from Figs. 5 and 6 that the neutron energy spectrum

tion. The solid curves show the results of our standard run, Whilenas a peak near the lower end and that, unlike the electrons
the dotted curves correspond to the simplified expression(&. the neutrons are emitted in the forward 'direction ’
normalized to the standard run resultsfat=0. ’

not a cusp in the mathematical sense. Enlarging the scale of V. DISCUSSION AND SUMMARY
the abscissa, we can confirm that the actual curve is a rapidly
changing but nonsingular one. It turns out that for higher

vyhy, for a fixed abscissa s_ca{as adopte_zd in-our lllustra- sections for the electrons and neutrons, from threshold to
tion), the case corresponding to the high incident energy: _ 179 Mev. we have examined the influence of changes
tends to exhibit more “cusplike” behavior. in various inputs that feature in our PhLA. In particular, we
Regarding the electron angular distributidfig. 4, we  nhaye studied to what extent the use of the modéhn po-
note that at low neutrino energies the electrons are emitted igantials affects the results. We have also examined the influ-
the backward direction, carrying most of the available enence of the use of the updated input concerning the nucleon
ergy. The angular distributions for the lower incident ener-weak-interaction form factors. The vertex strength that gov-
gies are reminiscent of that for a Gamow-Tellgrdecay  erns theA-excitation axial-vector exchange current has been
between two bound states. If we simplify the expression fomonitored using the photoreaction. We have also studied the
the electron differential cross sectififq. (63)], by dropping  consequence of employing the vertex strength determined
all the partial waves other thal®, and by retaining only the with the use of the tritiunB-decay strengtti24].
leading-order Gamow-Teller matrix element, then we have  For the solar energy regiok,, <20 MeV, the results are
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. FIG. 6. Neutron angular distribution for thed n reaction.
FIG. 5. Neutron energy spectra for thd— vpn reaction. g —vp

summarized as follows. By comparing our new results withrun andA (CRSW) represents the range of uncertainty in the
those in the literature, we have confirmed that the totdl  present PhLA calculation. We therefore consider it reason-
cross sections are stable within 1% precision against angble to use, as the best estimates of the low-enedygross
changes in the input that have been studied, except for someections, the values given by our standard run and attach to
what higher sensitivity to the strength of thecurrent(see  them a possibleverall reduction factork, with « ranging
below). The same stability should also exist for the differen-from 0.96 to 1. In this language, the &' uncertainty

tial cross sections described in this paper. The MEX axialadopted by Bahcalét al. [33] corresponds toc=0.95-1,
vector current in our standard run increases the total crosshich represents the difference between the cross sections
sections by~5% from the IA values; we have used the given in YHH[10] and KN[12]. We have shown that in the
np— vyd reaction to monitor the dominant part of our MEX ratio R=0(NC)/o(CC) the model dependence is reduced
current. Meanwhile, Carlsoet al.[24], in estimating the so- down to the 1% leve(see Table V.

lar p p-fusion cross section, used the tritiysadecay lifetime At higher incident neutrino energies, the results obtained
to monitor a vertex strength that features in the Gamowin our standard run are somewhat larger than those of KN,
Teller exchange current. The results[@#] indicate that ad- and the difference reaches6% towardskE,=150 MeV.
justing the MEX strength using the tritiun® decay rate This difference is caused largely by the updated value for the
could lead to a somewhat reduced MEX amplitude. If we usexxial-vector mass. The effect of relativistic kinematics, as
the A-excitation axial current renormalized by the tritiygn ~ discussed here, has-al% effect on the cross sections. The
decay [24], the MEX current correction to the IA term, contributions of the isoscalar current, which so far has been
[c(IA+MEX) —o(1A) ]/o(1A), turns out to be~2%, in-  totally ignored in the literature, is found to be of 1% even at
stead of 5% as in our standard run; see the column labeled,=150 MeV. The importance of the MEX currents rela-
A(CRSW) in Table IV. The difference between our standardtive to the IA contributions increases monotonically Bs
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400 T T T

300 | , 1

cosf;,

200 | N 1

P’ [MeV]

100 |

0 ) ) R
0 50 100 Ef 150

E. [MeV] E. [MeV]

FIG. 7. Kinematically allowed region of the electron scattering  FIG. 8. Kinematically allowed region o', the relative mo-
angled, in the v,d—e™ pp reaction ate,=150 MeV. The dotted mentum of the final two nucleons in the.d—e™ pp reaction at
area represents the allowed region. The constrainfosets in at E,=150 MeV. The lower limit ofp’ reaches zero &,=E_.°.
EL.=E.°.

= /02 M2+ Jp' 2+ M2

augments. Toward&,=150 MeV, the MEX to IA ratio W= P Mia VP Miz (A3)
[o(IA+MEX) —a(lA) ]/o(IA) reaches~8% in our stan- whereM,; is the mass of théth nucleon in the final state.
dard run while this ratio is-4% in the case oA(CRSW).  The integral over the momentupj is then replaced by in-

As mentioned earlier in the text, the numerical results oftegration overp’, which gives rise to a Jacobidb2]
this work are fully documented in tabular or graphical form
at the website referred to in footnote 10. It is hoped that dp =Jdp’, (A4)
those tables and graphs are of value for the ongoing and
future neutrino experiments that involve deuteron targets. With
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The kinematically allowed domain of the integadgd’ dk’
is determined by a standard procedure. We give here the
results for the electron energy spectrum, Egd), for the

We briefly explain the derivation of the cross section for- ve+d—e~ +p+p reaction. The threshold neutrino energy
mula, Eq.(59), starting from Eq.(45). The phase-space in- E." for this reaction is given by
tegral in Eq.(59) is

tWhereEi’ is the energy of théth nucleon in the laboratory

APPENDIX: PHASE-SPACE INTEGRAL
AND KINEMATICS

(2Mp+Mg+me) (2M,— M g+ my)
th_ p e p
| = 8%(k+P—k’—P")dp} dp} dk’ E, = 2M, - (AD)

=8(E,+Mq—E{—JP"*+P;))dp{ dk’, (A1) e may specify the allowed region of the electron endggy
by giving the conditions on the electron momentiahm these

wherep] =(p;—p;)/2 andP’ =q=k—k’. conditions are

The scattering energy of the finBIN distorted wave is
given by their center-of-mass energyyn= \/Pi. The rela- O<k’'s<k! for E,=ES,

tive momentum in the center-of-mass systertt:, is given K <k'<k for E°=E =g (A8)
by Lorenz-transforming the relative momentum in the labo- R v e
ratory system ag52] where

pre=AypL (A2) gon Myt Mo M) (2Mp—Mgtmy)
The magnitude op’ is related toWyy as v 2(Mg—me)
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and

1
p' = E\/x+ 2E,k'cost, —2EL(My4+E,). (Al12)

y E, X+ (E,+Mg) yX?—4m2W?

+

- 2W?

, (A10)

ForE,=150 MeV, the allowed ranges of csandp’ are
plotted as functions oE/ in Figs. 7 and 8, respectively; the
dotted area in each figure represents the allowed region. At

with W2=(P+k)% and X=M3+2E,Mq—4Mj+m;. For
given values ofE, andE_, the electron scattering angtg

is restricted as E.=E.°, the constraint ong, sets in and the minimum
value of p’ becomes zercE,® is determined from the con-
2E¢(Mg+E,)—X dition
max{ —1— d <cosf <1, (All
2E K’

and theNN scattering energy is specified Ipy given as 2E.“(Mg+E,)+2E k'~ X=0. (A13)
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